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Executive Summary
Integrating large amounts of variable generation (VG) wind and solar into a region's power grid without causing significant VG curtailment-and thus preserving VG's environmental and economic value-will likely require increasing system flexibility through a combination of changes to grid operation and deployment of enabling technologies. Interest in energy storage as an enabling technology has increased as the actual and projected prices of storage have declined.
Yet questions remain about the amount and configuration of storage needed to reduce VG curtailment as well as how to value the multiple benefits storage can offer VG integration and grid operations.
Energy storage size is defined by power capacity (the charge/discharge rate, typically measured in kilowatts or megawatts) and energy capacity (the amount of stored energy, typically measured in kilowatt-hours or megawatt-hours). Linking these two metrics is storage duration: the amount of time the storage can discharge at its power capacity before depleting its energy capacity. For example, a battery with 1 MW of power capacity and 4 MWh of usable energy capacity has a duration of 4 hours.
This report analyzes the storage duration required to reduce VG curtailment under high-VG scenarios. It also examines the value of storage with varying durations. This initial valuation approach can provide insight into the optimal storage sizing from the perspective of a storage developer. Note that this report's focus on energy storage does not imply that storage is required to integrate VG at penetrations up to 55%, which is the level contemplated in this analysis. Multiple options for integrating VG are available, and the effectiveness of these options should be evaluated with and without the use of storage.
Our scenarios are based on the U.S. Department of Energy's (DOE's) Wind Vision study, which examined the potential for wind to provide a large fraction of the nation's electricity supply. Our case study examines a scenario where VG provides 55% of the electricity demand in the largely isolated Electricity Reliability Council of Texas (ERCOT) grid system in 2050. In 2016, ERCOT met about 15% of its annual electricity demand with wind. We evaluate three primary scenarios of 55% VG:
• Wind Vision: 44% wind, 11% photovoltaics (PV)
• Minimum curtailment: 37% wind, 18% PV
• Equal mix: 27.5% wind, 27.5% PV.
We use the National Renewable Energy Laboratory's (NREL's) Renewable Energy Flexibility (REFlex) model to dispatch the power system under each scenario and analyze the use of energy storage to avoid curtailment. We assume that new transmission construction avoids significant transmission-related curtailment, so all curtailment results from system-generation constraints (e.g., minimum turndown ratios or must-run capacity).
Figure ES-1 shows how curtailment can be reduced by adding storage. Across our three scenarios, at 55% VG, between 11% and 16% of VG energy is curtailed without storage (the points with zero storage in the figures). Among our primary scenarios, the highest curtailment amount occurred with an equal mix of wind and PV. For context, total curtailment of wind in 2016 in ERCOT was about 2% (mostly due to transmission constraints). Figure ES -1a shows the case where we add storage capacity with 4 hours of duration. Figure ES -1b shows the case where we fixed storage capacity at 8.5 GW of storage power capacity (equivalent to about one-third of ERCOT's projected peaking capacity in 2050 1 ) but vary duration. The case with 8.5 GW of capacity with 4 hours of duration reduced total curtailment by 24%-38% (resulting in a total VG curtailment rate between 8% and 10%). Figure ES-1b shows that adding additional storage duration further reduces curtailment but with diminishing returns. For example, storage with 4 hours of duration in the Wind Vision scenario avoids 35% of the curtailment that could be avoided with an 8.5-GW storage device of unlimited duration and about 70% in the equal-mix scenario. An 8-hour duration storage device would reduce 49% and 88% of curtailment (relative to an unlimited duration device) in the Wind Vision and equal-mix scenarios, respectively. Increasing duration beyond these levels, the incremental amount of avoided curtailment falls off rapidly, especially in the cases with greater amounts of PV. Completely eliminating curtailment is probably not practical as it would require a significant increase in storage power capacity as well as very long durations.
These results indicate the avoided-curtailment benefits of adding storage with relatively short durations, but they do not consider energy storage's other sources of value. In fact, capacity value-the ability of storage to replace conventional peaking capacity-can be a large source of value. Currently, several U.S. markets award full capacity credit to devices with 4 hours of capacity, which further decreases the need for longer duration storage (at least under current market rules).
Overall, our results suggest that relatively short-duration energy storage might offer an effective path to reduce VG curtailments at penetrations up to 55%. Across all the mixes of wind and solar resources analyzed, at least half of the potential avoided-curtailment benefits are realized with 8 hours of storage, and the first 4 hours provide the largest benefit. At VG penetrations up to 55%, there appears to be little incremental benefit in deploying very-long-duration or seasonal storage. 
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Introduction
Integrating large amounts of variable generation (VG) wind and solar into a region's power grid is challenging because of the mismatch of electricity supply and demand across various timescales. A number of grid-integration studies have been performed in the United States with differing levels of VG penetration and modeling fidelity. A key finding of these studies is the potentially significant increase in renewable energy curtailment that occurs at increasing penetration. This increase in curtailment can substantially reduce the value of VG and decrease its cost-competitiveness. Studies examining energy penetrations of up to about 33% (Lew et al. 2013; Bloom et al. 2016) have found that well-understood changes to grid operation-including greater regional cooperation, demand response, and increased conventional generator flexibility-can lead to economic integration without the need for significant new deployment of "enabling" technologies such as energy storage or large amounts of curtailment (Cochran et al. 2015) . Beyond 33%, it becomes even more important to exploit spatial diversity to minimize curtailment and consider the impact of different VG mixes to exploit their varying temporal characteristics (Brinkman 2015; Brinkman et al. 2016; MacDonald et al. 2016; Mai et al. 2014 ).
Few integration and planning studies of high VG deployment have considered large-scale storage deployment in detail (examining storage size and configuration needed to minimize curtailment), typically because historical storage price projections preclude the economic use of storage compared with more cost-effective flexibility options.
The significant reduction in costs for energy storage observed recently and projected going forward (Nykvist and Nilsson 2015) warrants further examination of increased storage deployment in high-VG scenarios. Greater storage deployment may "naturally" occur (independent of renewable deployment) as storage becomes cost-competitive with conventional peaking resources . Storage deployment might also increase as greater renewable deployment increases the value of storage (Eichman et al. 2015) .
The U.S. Department of Energy's (DOE's) Wind Vision study provides a number of scenarios that enable detailed examination of the potential role of energy storage at increased penetration of VG (DOE 2015; Lantz et al. 2016) . The study examines a nationwide penetration (on an annual energy basis) of 35% wind (and 10% solar) by 2050. However, the penetration varies regionally, with a 44% annual contribution from wind, along with 11% from solar, in the Electric Reliability Council of Texas (ERCOT) grid. The Wind Vision study assumes a relatively modest increase in transmission capacity between ERCOT and the rest of the United States. As a result, the study provides scenarios with VG contributions well over 50%, creating a useful test for the role of storage in mitigating curtailment in relatively isolated regions.
A key element of increasing energy storage use to integrate renewable energy and reduce curtailment is identifying the timescales of storage needed-that is, the duration of energy storage capacity per unit of power capacity. This can also be expressed as the energy-to-power ratio. The duration requirement is related to the patterns of energy demand and renewable supply.
This report analyzes the storage duration required to reduce VG curtailment under high-VG scenarios. It also examines the value of storage with varying durations and how these insights might be used to optimize storage sizing from the perspective of a storage developer. Section 2 briefly discusses the timescales of different energy storage technologies and their potential application in integrating renewable energy. Section 3 describes our methods. Section 4 shows our results, including the impact of storage duration on curtailment and value. Section 5 concludes and suggests areas for future work.
Timescales of Energy Storage
An energy storage device's size is defined by its power capacity and energy capacity. The power capacity reflects the rate at which the device can charge or discharge. Power capacity for energy storage is typically measured in kilowatts or megawatts, just as it is for conventional power plants. The energy capacity reflects the amount of stored energy, typically measured in kilowatthours or megawatt-hours. Linking these two metrics is storage duration: the amount of time the storage can discharge at its power capacity before depleting its energy capacity. For example, a battery with 1 MW of power capacity and 4 MWh of usable energy capacity has a duration of 4 hours. Although this is a fairly straightforward measure, actual energy capacity ratings are complicated by limits on how the storage device can be used economically. For example, only a fraction of the rated energy capacity may actually be used to avoid degrading battery performance over its life (Peterson , Apt, and Whitacre 2010) . For this analysis, we base power capacity on the devices' alternating current (AC) ratings, and we base energy capacity on the devices' economically usable discharge capacity at their AC power ratings.
The power and energy capacities of an energy storage device determine the applications for which the device is useful. These applications are often categorized by the timescale or duration of discharge needed for a particular grid service. Timescales of storage technologies that have been deployed at significant scale range from fractions of a second to many hours (DOE 2017). Several timescales have been identified for integrating renewable energy.
At the shortest timescale (seconds to minutes), significant storage has been deployed for providing operating reserves including frequency regulation, which responds to small random variations in normal demand (Xu et al. 2016) . Although individual renewable generators can demonstrate rapid, short-term fluctuations in output (e.g., from clouds passing over photovoltaics [PV] systems), grid-integration studies have found little inherent need for storage to address these problems, largely because diverse renewable generator locations minimize rapid fluctuations of aggregate renewable output (Mills and Wiser 2010; Tabone, Goebel, and Callaway 2016) . The ultimate market potential for storage providing operating reserves is limited by the relatively small market size (Zhou, Levin, and Conzelmann 2016) and competition from other resources, such as demand response and curtailed renewable energy (Ma et al. 2014 ). At longer timescales (up to several hours), storage has been deployed to provide peaking capacity and to shift energy from off-peak to peak periods. Such storage can enable thermal power plants to run at full output or avoid shutdown, thus increasing utilization.
3 Historically, this category is dominated by pumped hydro storage, with smaller contributions from compressed air energy storage (CAES), and thermal energy storage in concentrating solar power (CSP) plants (DOE 2017) . Batteries are an emerging technology for providing peak power (Cardwell and Krauss 2017) . For renewable integration, several hours of storage can be used to address ramp events and curtailment that results from the daily mismatch of renewable supply and electricity demand.
At an even longer timescale, storage could provide capacity greater than that needed for daily shifting, or greater than about 10 hours. Some pumped hydro plants (and proposed CAES plants) have capacities somewhat larger than 10 hours, which enables the plants to perform daily shifting and provide additional arbitrage between weekday and weekend price differences (DOE 2014) . Various fuel production and storage technologies have been proposed to provide capacity beyond a day or so, including hydrogen and methane (power to gas) (Götz et al. 2016) . These technologies could potentially address the seasonal mismatch of supply and demand associated with renewable generation. Seasonal mismatches are largely driven by high wind and solar conditions in the spring, which is the period of lowest electricity demand. Seasonal storage has been proposed as potentially important in scenarios that have renewables providing 100% or close to 100% of a system's electricity demand (Blanco and Faaij 2018) .
Methods and Scenarios
This section discusses our methods for evaluating the duration and value of energy storage used for reducing VG curtailment, including our study scenarios and the parameters we use to calculate the capacity and energy values of energy storage.
To understand the impact of storage duration on renewable energy integration and curtailment, we perform chronological simulations using NREL's Renewable Energy Flexibility (REFlex) model (Denholm and Hand 2011) . REFlex performs a chronological dispatch of aggregated thermal and hydro units assuming generator flexibility limits, including ramp rates and minimum generation levels. It also performs chronological dispatch of energy storage. The model is used to dispatch the power system with increasing levels of wind and solar to examine resulting curtailment patterns and the ability to avoid curtailment via energy storage.
Simulations are performed using 6 years of historical load patterns and corresponding (simulated) wind and solar generation data (2007) (2008) (2009) (2010) (2011) (2012) . Hourly load data are from ERCOT (ERCOT 2017a). The Wind Vision study examines deployment of wind and solar out to the year 2050, so we scale historical load profiles to the 2050 U.S. Energy Information Administration (EIA) projected total demand of 479 TWh (EIA 2017a), representing 36% growth over the 2016 demand of 351.5 TWh (Potomac Economics 2017).
For renewable energy penetration, we begin with the amount of wind and solar existing or under development at the end of 2016: 19,500 MW of wind (resulting in a 15% annual wind penetration and about 1,000 MW of PV (Potomac Economics 2017). 4 We then add different mixes of wind and solar until we achieve the Wind Vision scenario of 55% VG, meaning exactly 55% of the total annual electricity demand is met by wind and solar: 5
• Wind Vision: 44% wind, 11% PV
• Minimum curtailment: 37% wind, 18% PV (described in Section 4.1)
Wind-generation profiles are from the NREL Wind Toolkit (Draxl et al. 2015) . Hourly outputs are generated for 7,800 individual sites, with each site ranging in size from 2 to 16 MW depending on resource availability within the gridded resource database. This provides a total of 117 GW of potential capacity. We first establish a "base" amount of wind by matching locations of existing wind capacity in ERCOT (FAA 2017) to our set of simulated wind outputs. Because our wind generation profiles assume 100-m hub heights, we downscale the profiles to match historical generation levels, which are from wind turbines with lower hub heights. We then aggregate the remaining wind into four hundred 250-MW clusters based on the proximity of wind sites.
When adding wind generation to our scenarios, we first evaluate each cluster for its incremental value, or the sum of its energy and capacity values. We calculate energy value by multiplying the energy production in each hour by the marginal energy value in that hour using the 2016 price/net-load relationship (shown in the appendix). The net load is the normal demand minus actual wind generation in ERCOT. 6 We estimate capacity value by multiplying the capacity credit (fraction of capacity available during periods of high net demand) by the assumed annualized value of new capacity in ERCOT ($97/kW-year) (Newell et al. 2014) . The capacity credit is estimated using the capacity factor approximation approach, taking the average capacity factor of the cluster during the top 100 load hours (Keane et al. 2011) . After the cluster with the highest value is determined, that cluster's profile is subtracted from the net load, and the incremental value of all remaining clusters is determined. We assume that sufficient transmission is added to avoid congestion, so all curtailment results from system generation constraints as opposed to transmission constraints. We use this iterative process to calculate the incremental value for all 400 clusters.
We take a slightly different approach to add PV, using the PV sites generated for the SunShot 2030 study (Cole et al. 2017) . These sites were selected by the Regional Energy Deployment System (ReEDS) model to identify a "cost optimal" mix of locations that are relatively close to load centers but have suitable land available for large-scale development. About 215 locations 4 Specifically, at the end of 2016, the PV capacity was 783.4 MW plus 208 MW planned, and the wind capacity was 18,911 MW plus 588 MW planned (ERCOT 2017b). For comparison, national penetration of wind in 2016 was about 5.5%, with state-level penetrations as high as 37% in Iowa (EIA 2017b). However, other states are interconnected, so achieving these penetrations can be technically easier than it is in ERCOT, which has a largely isolated grid. 5 VG penetration in our analysis is defined as the actual annual VG generation (after curtailment) divided by total generation from all resources. 6 Net load was calculated by subtracting historical aggregated wind from aggregated load. We only include wind in our net load calculation because of the very small penetration of solar in ERCOT in 2016. Wind data were obtained from ERCOT (2017c).
representing about 108 GW of capacity were generated. We simulate PV at each site using the System Advisor Model to generate hourly profiles for the 6 years of study data (NREL 2016).
We use the 2016 price/net-load relationship to calibrate the aggregated minimum generation levels for the fossil and nuclear (thermal) generation fleet in ERCOT. In 2016, the minimum output from the thermal fleet in ERCOT was about 14,000 MW from about 2 to 4 a.m. on March 23 during a period with relatively low load and high wind output (Figure 1) . During this period, the day-ahead price for energy fell to below $9/MWh in all zones (with an average of about $5/MWh across all zones), indicating that the thermal fleet was approaching its minimum generation levels, and additional increases in wind would have required de-committing additional units (ERCOT 2017d). We assume only a modest increase in grid flexibility between now and 2050 based on the most conservative coal-retirement scenario in the EIA Annual Energy Outlook (EIA 2017a) (about 3 GW of capacity retired). We also assume that all 5 GW of existing nuclear capacity receive a license extension (or are replaced with new capacity) and operate to at least 2050. These assumptions allow for a minimum generation level of about 12,000 MW from thermal plants after accounting for nuclear refueling and thermal plant maintenance outages, which often occur during the spring. 
Results
This section shows the results of our analyses, including the amount of curtailment in no-storage scenarios (Section4.1), the impact of storage size on curtailment (Section 4.2), and implications for storage value and deployment (Section 4.3).
Curtailment in No-Storage Scenarios
Here we describe our scenarios as well as the curtailment patterns in the scenarios without energy storage.
Base Curtailment Levels
Although we focus on these 55% VG scenarios, Figure 2 shows curtailment over a range of VG penetrations with no energy storage. Figure 2a shows the VG curtailment rate (percentage of VG potential curtailed) as a function of penetration for our three scenarios as well as the extreme cases of only wind and only solar. Figure 2b shows the absolute amount of VG curtailment. These and all subsequent figures show the results using data from all six years. Year to year variability will be analyzed in future work, with sample results provided in the Appendix. The economic consequences of increased curtailment can be expressed using one of several metrics, including declining value or increased costs. As an increasing fraction of wind or solar is curtailed, it no longer displaces fossil generation, reducing its economic or environmental value to the energy system and society as a whole (Mills and Wiser 2012) . Alternatively, (from the perspective of costs), curtailment acts to increase the levelized cost of energy, as the generators' fixed costs must be spread across fewer units of energy (Denholm and Margolis 2016) . The PV-only case cannot achieve much greater than 40% penetration without storage owing to the mismatch of supply and demand. By modifying the wind/solar mix, curtailment can be reduced below the level resulting from the Wind Vision mix, as shown in the minimumcurtailment curve. Figure 3 shows the amount of curtailed VG at 55% penetration for different mixes of wind and solar based on the REFlex simulations. Along all points on the graph, the sum of wind and solar penetration (bottom and top x-axes) is 55%. The three vertical lines represent the study scenarios, so they match the study scenario curtailments at 55% shown in Figure 2 . The mix that minimizes curtailment has a wind/solar ratio of about 2.2:1. 
Curtailment Patterns
Historically, curtailment has been driven largely by transmission constraints because of limited transmission capacity for delivering wind electricity from the point of generation to load centers (Bird et al. 2016) . Total curtailment of wind in 2016 in ERCOT was about 2% (Potomac Economics 2017). Following historical development in ERCOT, we assume that adequate new transmission is constructed to avoid significant transmission-related curtailment. For a system with adequate transmission capacity, curtailment is driven by a combination of grid flexibility and patterns of renewable supply and electricity demand. The ability to reduce curtailment with storage depends on the daily and seasonal patterns of curtailment. Wind and PV have different diurnal and seasonal production patterns, which impact the duration of curtailment events and required storage durations. As an example, Figure 4 shows curtailment patterns during a 48-hour period (starting at 8 p.m. on January 20) for the three different scenarios at 55% VG before the addition of storage. This example uses wind and load patterns from 2012. In the equal-mix scenario, curtailment is dominated by high-peak-power PV curtailment events. Eliminating curtailment would require storage with high power capacity but with relatively few hours of energy capacity. In contrast, curtailment events in the Wind Vision scenario have lower peak power but can occur over long periods. Starting at about 8 p.m. on January 20, curtailment lasts for 19 hours. The scenarios have a large range in both instantaneous curtailment (power) and length of curtailment events, as illustrated in Figure 5 and Figure 6 . Figure 5 shows a duration curve of the curtailment events. Curtailment occurs during 30% to 33% of the simulated hourly periods. Levels of instantaneous curtailment are very high, particularly for the equal-mix scenario, which has relatively high PV. These summary statistics provide only a partial quantification, particularly owing to the shape of the VG curtailment events and the variability of curtailed energy during each event. The following section examines storage plant operation to quantify the ability of storage to mitigate curtailment.
Impact of Storage Capacity on Curtailment
The ability to avoid curtailment is a function of both the power and energy capacities of the energy storage device. We perform simulations with varying energy storage sizes to examine curtailment reduction with a focus on the role of duration. The results show the first 4-8 hours of storage reducing curtailment significantly, with the avoided-curtailment benefit diminishing as more storage duration is added-suggesting a limited need for multi-day or seasonal storage at VG penetrations of 55% or less. Figure 7 also shows that additional storage duration and power capacity provide diminishing avoided-curtailment returns. To clarify this trend, Figure 8 shows the amount of curtailed energy avoided in the equal-mix and Wind Vision scenarios at 55% VG as a function of power capacity and duration. Avoided curtailment is calculated by comparing the amount of curtailment in the system without storage at 55% VG to the amount of curtailment with storage at 55% VG, so it includes both curtailment that is stored and curtailment avoided because less VG was needed to achieve the 55% penetration level. 10 The solid lines show the curtailment avoided for a 4-hour storage device. The equal-mix device avoids the most curtailment in part because there is more curtailed energy to start with but also because the greater amount of PV leads to shorter-duration curtailment events. As a result, 2 GW of 4-hour storage avoids about 6 TWh of curtailed VG in the equal-mix scenario, while the same amount of storage avoids about 3 TWh in the Wind Vision scenario. In the equal-mix scenario, adding another 4 hours of storage duration to the 2-GW device only avoids about 2 TWh (about one-third of the amount avoided by the first 4 hours of duration) because the first 4 hours absorbed most of the PV curtailment that could be absorbed by a 2-GW device. The third 4-hour block of storage avoids very little additional curtailment in the equal-mix scenario. Avoided curtailment also decreases for each additional unit of storage duration in the Wind Vision scenario, but the proportional decrease is less than in the equal-mix scenario. Figure  9a shows the total curtailment for the three study scenarios, but unlike the previous figures, we hold the power constant and vary the duration of storage capacity. In this case, we use the storage capacity developed in the Wind Vision study (8.5 GW). It shows the rapid decline in curtailment for the first 4-8 hours, then substantially diminishing reductions in curtailment beyond 8 hours. Figure 9b uses the same data to show the actual avoided curtailment, measured as a percentage of the curtailment that could be avoided using a storage device with unlimited duration. The absolute amount of avoided curtailment can be calculated by multiplying the fraction avoided by the total amount avoided with an unlimited storage device, shown in the text boxes within the figures. In the equal-mix scenario, a 4-hour device avoids about 70% of the energy that would have been avoided by a device with unlimited duration, rising to over 85% at 8 hours. Alternatively, in the Wind Vision scenario, avoided curtailment is about 35% at 4 hours, 50% at 8 hours, and still less than 60% at 12 hours. To completely eliminate curtailment would require a device with about 50 hours of duration in the equal-mix scenario and about 250 hours in the Wind Vision scenario. This demonstrates the challenge of avoiding curtailment in the high wind scenarios due to long duration events (as well as often limited time between events to fully utilize stored VG). As shown previously, this implies that it is easier to reduce curtailment with storage in high solar cases, although with the important caveat that high solar cases start with higher levels of curtailment.
Overall, these results show that VG curtailment at a 55% penetration can be reduced significantly with storage devices with 8 hours or less of duration. While these results provide a general indication of the ranges of storage that might be required to reduce curtailment, they do not provide deep insight into the tradeoff between adding power and energy when considering the relative economics of storage devices. The following section provides additional analysis of the likely tradeoff between power and energy capacity faced by storage developers under increased VG penetration.
Impact of Storage Duration on Value
The results in Section 4.2 indicate the avoided-curtailment benefits of adding storage with relatively short durations, but they do not consider energy storage's overall value. Here we analyze the impact of storage duration on value and highlight the potential economic advantage of storage durations of about 4 hours, which potentially capture the most value from providing peak capacity.
We consider a limited set of values (capacity and energy) because the goal of our value analysis is to examine the relative change in value as a function of storage duration, as opposed to the absolute value of energy storage. A market assessment would consider the broader array of services, including transmission and distribution (T&D) deferral and a variety of operating reserves, with the caveat that the relatively small market for many reserve products could result in saturation by shorter-duration storage, demand response, and provision from curtailed renewables (Ma et al. 2014) .
Capacity value-the ability of storage to replace conventional peaking capacity-is the product of a storage device's capacity credit and the cost of the conventional capacity displaced. The concept of capacity credit is applicable to all generator types and reflects a generator's availability during periods of peak demand (Keane et al. 2011) . The ability of storage to provide significant capacity credit depends on having a sufficient quantity of stored energy during periods of peak demand, and it is generally a function of the shape of the net demand curve.
There has been limited analysis of the capacity credit of storage as a function of storage duration. Figure 10 summarizes two estimates, with the left y-axis representing the capacity credit measured as a function of nameplate (power) capacity. The curve from Sioshansi, Madaeni, and Denholm (2014) represents the average of estimates from an analysis of five different U.S. regions using historical load data, and it does not consider the impact of VG on net-load shapes. This result suggests that, for a system without significant penetration of VG, the capacity credit of a 4-hour device is about 75%. However, several U.S. independent system operators (ISOs) assume 4-hour storage devices can provide full capacity value (CAISO 2017; Johal, Tome, and Collison 2016) . For the capacity credit curve under this assumption, we divide the number of hours of energy by 4 for devices with less than 4 hours of capacity (e.g., a 2-hour storage device would need to discharge at 50% of nameplate power capacity for 4 hours, resulting in a 50% capacity credit). The results of this approach are labeled as the "ISO 4-hour rule" in Figure 10 .
Previous analyses have also demonstrated that PV can change the net load shape and increase the capacity credit of storage (Perez et al. 2008; Jorgenson, Denholm, and Mehos 2014) . We do not consider the impact of PV penetration on capacity credit in this analysis.
The right y-axis in Figure 10 translates the capacity credit into an annualized capacity value by multiplying the capacity credit by the annualized cost of new capacity. This assumes that storage will replace a conventional peaking gas turbine and offset its costs with an annualized avoided capacity cost of $97/kW-year (Newell et al. 2014 ). This value assumes that the system actually needs new capacity and that there are appropriate mechanisms for storage to be compensated for providing this service. The second value source that we estimate is energy value from energy price arbitrage/time shifting. This value stems from storing otherwise-curtailed energy and from arbitraging price differences of energy from thermal plants (i.e., from storing more efficient off-peak thermal generation and displacing less efficient peaking resources). This value is highly sensitive to assumed VG penetration and mix, fuel prices, carbon costs, and the amount of storage on the system. To provide a range of cases, we evaluate three combinations of VG penetration, VG mix, natural gas price, and carbon dioxide (CO 2 ) cost (Table 1) . Figure 11 provides the annual energy value for the three cases. Figure 12 illustrates total value as a function of storage duration, suggesting declining incremental value as additional duration is added. 11 Combining the two possibilities for capacity value ( Figure 10 ) and the three cases for energy value (Figure 11 ) yields six possibilities for total value. The left y-axis shows annual value, and the right y-axis shows the net present value assuming a 15-year system life and a 5% discount rate. This result can also be expressed as a rough approximation of the overnight capital cost of a storage device (expressed as cost per kilowatt of installed capacity); although it does not include the impact of operations and maintenance (O&M) costs or any salvage value of the project at the end of the 15-year life. Again, this result only considers a subset of possible values. Figure 12 can provide some insight into the costcompetitiveness of adding additional hours of storage capacity. Figure 13 uses the "medium energy" data (blue lines) from Figure 12 to estimate the value of adding incremental hours of storage. The left y-axis represents the annual value of an additional kilowatt-hour of energy capacity. The first hour of storage has the highest value, particularly when using the capacity value method from Sioshansi, Madaeni, and Denholm (2014) , because this first hour receives a relatively high capacity credit. Because the ISO 4-hour method assumes 100% capacity credit for a 4-hour device, the incremental value drops for a longer duration device to only the value of energy price arbitrage/time shifting. The right y-axis translates the results into a net present value, using the same assumptions as previously described. As a result, this value represents a rough approximation of the breakeven cost for an incremental hour of energy storage.
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Repeating the analysis for different VG penetrations and storage capacities produces different absolute values, but all simulations reveal a similar shape with a significant decline in value beyond 4 hours of capacity. Overall, these results demonstrate that once a storage device achieves the bulk of its value from the first few hours (from providing capacity and a large fraction of the energy arbitrage/avoided curtailment value), the incremental value of additional energy is relatively low under a range of scenarios. While the results in Figure 12 and Figure 13 do not capture the full value of energy storage providing multiple services, they do indicate that near-term applications for energy storage that focus on providing capacity and load-shifting services may place a premium on short-duration devices until there is a more significant cost reduction in the energy component of large-scale energy storage.
Conclusions
With improving wind turbine performance and declining costs of PV, growth of these VG resources likely will continue, within constraints imposed by increasing levels of curtailment. There are multiple pathways to improved system flexibility and increased VG integration including greater interconnections to surrounding regions, demand response, and increased generator flexibility-this report's focus on energy storage does not imply that storage is required to integrate VG at penetrations up to the 55% contemplated in this analysis. In fact, energy storage has historically been considered among the more expensive options owing to high capital costs and energy losses. However, declining storage costs have raised the possibility that storage could see significant deployment strictly on an economic basis as an alternative to conventional peaking capacity. This analysis suggests that economic deployment of storage used for the provision of peak capacity could provide a substantial resource to reduce VG curtailment and increase VG penetration.
Our modeling shows that the amount of VG curtailed is a function of wind and PV generation patterns and the size of energy storage deployed. Overall, our results suggest that relatively short-duration energy storage might offer an effective path to integrating VG at penetrations up to 55%. Across all the mixes of wind and solar resources analyzed, at least half of the potential avoided-curtailment benefits are realized with 8 hours of storage, and the first 4 hours provide the largest benefit. A 4-hour duration also offers a relatively high capacity value, which is critical to the economics of storage. Cost improvements might make storage with durations of 6 or even 8 hours viable, but there appears to be little value in deploying very-long-duration or seasonal storage at VG penetrations up to 55%.
Further analysis is required to analyze VG penetrations beyond 55% and the seasonal impact of VG generation. Long-duration storage with extremely low energy costs (such as fuels production) may be able to mitigate long-duration curtailment events that will increasingly occur in the spring. This requires understanding the tradeoffs with lower roundtrip efficiencies that are typical in these technologies, as well as other grid flexibility options to increase VG penetration in decarbonized energy scenarios. Finally, the impact of extremely large storage deployments must be considered. A system with adequate capacity (from any combination of renewables and conventional generation) will reduce the capacity value of storage, which provides a large fraction of storage's value, and further storage deployments would have greater dependence on energy-shifting value. As storage costs continue to decline and technologies are developed, the interplay between power and energy will require continued analysis to determine the costoptimal mix of flexibility technologies for integration of VG resources. 
